NASA Contractor Report 178205

Q3DG - A COMPUTER PROGRAM FOR STRAIN-
ENERGY-RELEASE RATES FOR DELAMINATION
GROWTH IN COMPOSITE LAMINATES

I. S. RAJU

ANALYTICAL SERVICES & MATERIALS, INC.
Hampton, Virginia

Contract NAS1-17808
November 1986

NASA

National Aeronautics and
Space Administration

Langley Research Center
Hampton, Virginia 23665

N87-137¢3
Unclas
43930

CSCL 46E G3/39

C3D6: A C(CMEUTEE PROGRAM

{Analytical Services and Materials, Inc.)

167 p

{NASA-CR-178205)
FGR STRAIN-ENERGY-RELEASE RATES FCR

DEIAMINATICN GFCWTH IN CCMECSITE LAMINATES



TABLFE OF CONTENTS

INTRODUCTION. . ... cterecccvscnnne

ceeaneanen teseeesssccnrestessttcsarsrtcans 1

DESCRIPTLON OF THIE DELAMINATION PROBLEM,. . s e eeeeceacsocososcococsecoasanns
Finite Flement Analysis..ieeieeeieiiaioecosoesscncnssecsocsssssncssass
Strain-Encrey-Release RateSeeeeeieiessenss seessceacens ceccssttinsannne

£ N

.
.
.
.
()

PROGRAM SI’l‘l(I_ll’IC/\'I‘I()NS ...... ceteseseserssesssssacsses cecens cesesesnnns
PROGRAM ORGANLZATION........ ceceresecerecssscsscas ccececcons
INPUT DATA......... D ctecacecesesesssecsencnnas cecesscscine 9
OUTPUT . e e eeretneeecnncanns teceescsestssea ceecetenes cescectenas O

APPENDIX A:  DERIVATION OF STIFFNESS MATRIX AND CONSISTENT LOAD VECTORS... 16

APPENDEX B: SUBROUTINES, MAJOR PROGRAM VARTABLES, AND COMMON BLOCKS...... 20

B.l SubroutinesS.eeeeceene A 0
B.2 Major Proygram VariableS.e.eeeevieeeesracscosnncannss seecesecsscaseasas 22
B.3 Common BlockS.eeeeee 2

APPENDIX C:  EXAMPLYE PROBLEMS............ cessesccasan cesenas etsessccssaa .. 29

Example Problem oottt iiiienns ceeescecssennn A
Kxample Problem 2. . e ieieeiiiiiineeresoscoccasncnns ceeenn e 11
Fxample Problem 3.t seesessersreae S 10
Typical Resultsooooo... cetaceresactcccccesancanns e 11

APPENDIX D: EXECUTION LERRORS AND DEBUG STRATEGIES . eeeeeeieerenosasncoseess 33
APPENDIX E: DATGEN PROGRAM. .. .i.cticeetoccsossossnsssscoscossocsssnssnsssnnes 39
.l Capabilitios of DATGEN. . i iiieieeeesessssanssasscssssasssscasnsa 35
2 Examples of Interactive SesSslonS..eieeceeeceasccecescscssssnsssssss 39
.7 Recoverable and Irrecoverable BrrorSeccesescescscesascssssessasas- 36
A Renumbering Option..ieeeeeeeecenen. seeeecasecscacnsssesasensraanan 37
£.9 Description of Input Data For DATGEN. ... veeereieevseseescecnnasess 38

N
[N
I
I
k,

APPENDIX F: COSMIC DOCUMENTATLON. c v it eneeeroceesoencesososononscnsannsoee 4l
APPENDIX G: PC FLOPPY DISKS .. eeereeeeonsn ceseensecenen et eacccessenennoee 43
APPENDIX H: LIST OF SYMBOLS .. i e e ervecenns crecncenea teessesenccsscnnessss G4

ACKNOWLEDGEMENTS o 0 i s it ie it eenennannan tessecrsans

REFERENCES e ittt ittt it iainesssoacanne ceeene



QING - A COMPUTER PROGRAM FOR STRAIN-ENERGY-RELEASE RATES FOR
DELAMINATION GROWTH IN COMPOSLTE LAMINATES

FORTRAN V APPROXIMATELY 4000 SOURCE STATEMENTS
9 TRACK 1600 BPIL CDC NOS LINTERNAL FORMAT MAGNETIC TAPE
ABSTRACT

The Q3IDG is a computer program developed to pecform a quasi-three-
dimensional stress analysis for composite laminates which may contain
delaminations. The laminates may be subjected to mechanical, thermal and
hygroscopic loads. The program uses the finite element method and models the
laminates with eight—-noded parabolic isoparametric elements. The program
computes the strain-encrgy-release components and the total strain-energy
release in all three modes for delamination growth., A rectangular mesh and
data (ile pencrator, DATGEN, 1s included. The DATGEN program can be executed
intvructlv?ly and Is user (riendly. The documeqtation includes sections
dealing with the Q3D analysis theory, derivation of element stiffness matrices
and consfstvnt load vectors for the parabolic element. Several sample
problems with the input for Q3DG and output from the program are included.
The capabilitices of the:DATGEN program are illustrated with examples of
interactive sessions. A microfiche containing all the examples presented in
this report is included with the documentation. The Q3DG and DATGEN program
have been imp!omnnLud:on CYBER 170 class computers. Q3DG and DATGEN were
developed at the Langley Rescarch Center during the early eighties and docu-

ment od in 1984-1985,
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INTRODUCT LON

Because of their high strength-to-weight ratios, composite materials are
being extensively used in aerospace, mechanical, and automotive structures.

As these materials are being considered for heavily loaded primary aircraft
structures, Increased attention is being focused on understanding and charac-
terizing composite delamination. Delaminations may result from low-velocity
impact, eccentriciticrs in load paths that induce out-of-plane loads, or
discontinuities in the structure which create out—of-plane stresses.

Fracture mechanies concepts applied to delaminated structural components
were found to be usefual in understanding and characterizing delaminations.
Strain-encrgy-release rates associated with delamination growth were shown to
be usefual in prnd[éting the onset of edpe delaminations in composites [, 2].
While the total strain-encrpgy-release rates can be caleulated using the
classical 1nminatvd‘p]ate thcory (CLT), the separation of the total strain-
energy—release rates into the three components associated with the three modes
of fracture cannot be accomplished using the CLT approach. To calculate the
Individual components, one has to resort to numerical methods such as finite
element analyses.

The purpose of this report, therefore, is to document the computer
program, Q3DG, which uses a finite element analysis to calculate the strain—
cnerigy-release rates for long, rectanpular composite‘laminates containing
delaminations.  The Taminates may be subjected to mechanical, thermal and
hygroscople loadings. The Q3DG program uses the quasi-three-dimensional (Q3D)
analysis In conjunction with linecar fracture mechanics éoncepts and finite
element methods. The program calculates G[, Gyyp» and GI[[' the strain-energy-
release rate components due to the three lracture modes, and the total strain-

encrpy-release rate G for delamination growth in composite laminates. The



program can also be used as a Q3D stress analysis tool for laminates with or
without delaminations.

First, the theoretical aspects of the Q3D analysis arc presented.  Next,
the finite element analysis and the straln-cnergy-release rates are discussed.
Then, the program specifications and organization are presented.  Finally, the
input data for and output of the program are described.  Appendix A presents
the derivation of the stiffness matrix and thermal vectors for an eiyght —noded
isoparametric element. Appendix B lists the names and Tunctions of subrou-
tines and major program variables and the common blocks and their elements.

In Appendix C, threce example problems with their output are presented.
Appendix D illustrates some conditions which cause the program to terminate
and discusses some debug strategies. Next, Appendix £ describes DATGEN, an
automatic rectangular mesh generator, and shows scveral example problems using
the mesh generator. Appendix F presents the COSMIC documentation require-
ments. Finally, Appendix G describes the floppy disks for the IBM PC and
compatibles. These disks can be easily reproduced and used to upload the

source and data files to the mainframe computers.

DESCRIPTION OF THE DELAMINATION PROBLEFM
Consider a long, rectangular laminate with an edpe delamination as shown
in fig. 1. Away from the ends where the loads are appllied, the displacements

at any x = constant plane are assumed to be given by (refs. 4-8)

u(x, y, z) = €,x + Uy, z)
v(x, y, z) = V(y, z) 1)

]

wix,'y, z) W(y, z)

The €o term is the uniform axial strain and U, V, and W arc functions
of y and 2z alone. Equation (1) describes a "quasi-threec-dimensional™

(Q3D) problem. The modifier "quasi" is used because there are displacements




in three directions, but the gradients of H, V, and W with respect to the
Xx~coordinate are zZero,

Because of the symmetries inherent in the layups of the fiber reinforced
composites, the displacement functions U, V, and W satisfy the following

requirements [4-7].

Wy, z) = -U(-y, -z)
V(iy, z) = -V(-y, z) (2)
w()’. Z) = “W( y, "Z)

For mechanical loading, the uniform axial strain £ in equation (1) is

gpecifled.  For thermal and hygroscopic loads the laminate (s subjected to
temperature and molsture changes, AT and  Al, respectively. For these cases
the magnitude of £, in equation (1) is unknown and {s determined as a part
of the solution (see ref. 9, 10).

Tn the Q3D analyses, ecach ply {s fdealized as a homogenous, elastic
orthotroplc material. The material properties of each ply are defined by
Young's modulii (Ey;, Eyy, Fqq), shear modulii (Gyp, Gy3, 023), Poisson's
ratfos (vi9, vyq, Vp3), and the ply fiber angle (6). 1In addition, the expan-
sion coefficients for ;hvrmal and hygroscopic loadings, s, A9, and a3
and  $, By, and B4, respectively, are aceded.  The subséripts, 1, 2, and 3}
on the various quantities listed above correspond to the longitudinal, trans-

verse, and thickness directions, respectively, of a zero—degree ply.

Finite Element Analysis
Because of the symmetries in the problem, only one quadrant of the
x = constant plane Is ideallized. This quadrant (0 <y <b and 0 <z <t) is

shown as the shaded roeglon In fig. 1(b). The analysis region is modeled by



eight—-noded, isoparametric elements [1i}. At the delamination tip, no simu-
larity elements are used. TInstead, the finite element fdealization Is usunllY
made much finer near the delamination tip. A typical finfte clement ideal-
ization involving 367 nodes and 102 clements iIs shown in fig. 2. Due to
symmetry the displacement functions, U and V, are prescribed zero at all
nodes on the y = 0 line, and the displacement function W fis prescribed zero
on the z = 0 line.

The derivation of stiffrness matrices and the mechanical, thermal and
hygroscopic load vectors needed for the finite element analysis Is described

in Appendix A.

Strain-Fnergy—-Release Rates
Mode T (opening modu’, mode TT (sliding mode), mode 11T (tearing mode)

components and the total strain—energy-release rates for delamination growth
are calculated by a virtual crack extension technique simllar to that reported
in ref. 12, This technique uses the nodal forces transmitted at and near the
delamination tip and the relative displacements just behind the delamination
tip to determine the strain—energy-release rates. The nodes at which the
forces and relative displacements are evaluated are shown in fig. 1.‘ The

strain-energy—release rates are computed as shown below:

(]
il

I [in(wl - wk) ¥ in(wn - wm) ]/(2[\)

Gy = [1-“yi(v1 -Vt Fyi(Vn - V) |7(28)
' (3)
A _ i -
Grpp = [in(v] SVt pxi(un URRVIEZY
G =G+ G * Gy




, P, and ¥ | are the forces in x-, y-, and
i i
z-directions, respectively, acting at node 1. The forces at node 1i, shown

The forces F
X

in fig. 3, are computed from the elements A and B while the forces at node
} are computed from element A alone. This procedure for computlngathe
strain—energy-release rates requires that the finite e2lement mesh be symmetric
about the crack‘tip. ‘Square clements with a side of length A = h/4  were
found to be the optimum size and, hence, an arrangement of the type shown in
fig. 3 is recommended.

The program llrst computes the forces and displacements individually
for a mechanical strain of one micro in/in (m/m), a temperature change of
+1°F (°K), and a moisture change of one percent. Then, the program computes
the appropriate forces and displacements for the given input values of mechan-
fcal strain and temperature and moisture changes and uses the forces and dis-
placements in equation (3) to calculate the strain—energy-release rates. The
mode [, I, (1T components, and the total strain-encrgy—-release rates are
computed for the scven possible loading combinations listed below:

1. Mechanical loading acting alone.

2. Thermal loading acting alone.

3. Hygroscopic loading acting alone.
4. Mechanical and thermal loading acting together.
. Mechanlical and hygroscoplc Yonding acting toﬁether.
6. Thermal and hyyroscopic loading acting together.

7. Mechanieal, thermal, and hygroscopic loading acting together.

PROGRAM SPECIFICATIONS
The program Q3DGC 1s written in FORTRAN V and has a core requirement of

about 343,000 octal! words. The program was complled and successfully executed




o~

on CDC CYBER 170 class computers. The current maximum allowable values of
major arrays are given in Appendix B.

The program uses a scratch unit, Tape 10, for storage of the element
stiffness matrices and consistent load vectors when they are (irst computed.
This information is later used to check the eclement and global equilibrium
conditions. A scratch unit is used slince the recomputation of element stiff-
nesses and load vectors s more time—-consuming than reading from the sceratceh
unit. )

The program uses an in-core cquation solver. Henece the maximum size of
the finite element hodef is ]imited‘by the memory of the computer being used.
Most of the core is required to hold the global stiffness matrix, BIGK. The
array BIGK is dimensioned (75,1110), which permits 1110 degrees of freedom
(370 nodes) and a bandwidth of 75.

The Q3DG program can be easily modified using a text editop to change any
of the problem dimensions. The required changes are given below:

1) Change the string " 75,1110 " to " xx,yyy " everywhere, where xx and
yyy are the new number of rows and coluwmns, respectively, of the array BICK.

2) Change the string (83250) to "zzz" everywhere, where zzz Is the
product of xx and yyy.

3) Change the string "(1110,3)" to "(yyy,3)" everywhere, where yyy iIs
the number of columns in the array BIGK.

4) Change the string "X(400, 2), NOD(200, 8)" to "X(aaa, 2), NOD(bbb, 8)"
everywhere, where aaa is the maximum number of nodes and bbb is the maximum
number of elements.

5) Change the string "(400)" to "(aaa)" everywhere, where aaa is, again,

the maximum number of nodes.
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6) Change the string "(200)" to "(bbb)" everywhere, where bbb, is,
again, the maximum number of elements.
7) Change the DATA ©X, . . . card which is the Slst line in the source

code. The Integers, LX{ LNOD, LLIST, LOLD, are computed as foliows:

LX = aaa * 2
LNOD = bbb * 8
LLEIST = 200
LOLD = aaa

8) Change the dimenslions of the arrays NDUM, NDUD, and XDUM in
subprogram ADJUST to the following:
NDUM(bbb,8), NDUD(bbb)
XhUM(aaa,2
and change the equivalence string ", (BIGK (1601), NDUD (1))" to ", (BIGK
(bbb*8+1), NDUD (1))".
9) Change the string "D(1110)", the working storage for the band-
solver, in subprogram ASEMBL, to "D(yyy)".
10) Change four lines in subprogram FORCES as follows.
DIMIENS [ON FORCE (aaa,3,3), SP(aaa, 6,10), ND(aaa,l10)
EQUIVALENCE (BLGK(1), FORCE (1,1,1)), (BIGK (9*aaat+l), SP(1,1,1)),
(BIGK (aaa*9+aaa*60+1), ND(1,1))
DIMENSION SPA (aaa,6), NDA (aaa)
EQUIVALENCE (BIGK (aaa*9 + aaa*360 + aaa*10 + 1),
SPA (1)), (BICK (aaa*9 + aaa*360 + aaa*l10 + aaa*6 + 1), NDA (1)).
The program Is scet up for a 3 x 3 Gaussian integration of the element

stiffners matrices. The order of integration can be changed by changing the

following:



L. NGAUSS in the BLOCK DATA subprogram (currently it reads
DATA NGAUSS |3i
change 3 to n, where n is the order of integration desired (2 < n < 8).
2. If the order of integration n is chosen to be greater than 3,
change the dimensions of array PDER cverywhere In the program to (n*n*2,8),
Current dimension of array PDER are (18,8). Also note that the array PHER [s

the COMMON block CDER.

PROGRAM ORGANIZATION

In this section the flow of Q3DG is described. Briel descriptions of the
subprograms and major program variables are presented In Appendix B.

Fig. 4 presents the flow chart of the program. Most of the tnput Is read
in the main program Q3DG, which calls 5 main subprograms. Subprogram MODULUS
generates the modulus matrices and thelr thermal and hygroscopic strain
vectors for all the materials. Subprogram CLD calculates the coordinates of
the midside nodes (if these are unspecified), reads boundary conditions and
creates the boundary condition arcray, LIST. Subprogram ADJUST rcorders the
coordinate array aﬁd the nodal connectivity array according to the renumbering
scheme input by the user. Subprogram ASEMBL calls the relevant routines to
evaluate the stiffness matrices and 1oadvvectors and assembles the global
stiffness matrix. Subprogram FORCES checks equilibrium at the element and
global 1evéls, calculates the nodal stresses and calls the G-calculation
routines. The functions of the subprograms called by ASEMBL and FORCES are

explained in Appendix B.
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The required input data is described in this section.
created on a file, LFN, equated to TAPES.

INPUT

DATA

An a

The data can be
lternate method of creating

the input file is to use the data generation program DATGEN described in

Appendix E.

GARD ~ NUMBER  COLS ~ FORMAT  VARIABLE
SET  OF CARDS
1 1 1-80 20A4 TITLE
2 1 1- 8 A8 POUT
3 l -5 [ NPOTN
6-10 15 NELEM
=15 9 NFREF
16-20 [5 NNODIE
4 * 1-10 F10.5 Y1
11-15 15 JCORD(1)
16-20 15 JCORD(2)
56-60 15 JCORD(10)
*Input until all y-coordinates are specified.
card. '
Input until all z-coordinates arce specified.
card. :
5 NELEM -5 15 I
6—-10 [5 NOD(T, 1)
11-15 [5 NOD(T,1)
[5 NOD(L,NNODE)

9

DESCRIPTION

TITLE of problem

SHORT--
XLONG--

Output option.
for short output.
for long output.

Total number of nodes
Number of llements
Number of degrees of
Freedom per node = 3
Number of Nodes per
element = 8

Coordinate

Node numbers with this
coordinate in columns
11 through 60.

2 sets of cards of this
format, with each set
terminated by a zero (or
blanks in cols. 11-15),
First set is y—-coordi-
nates; second set is
z—coordinates.

End y—coordinates with

End z-coordinates with

Element number

Element connectivity
starting at any corner
node in the counter
clockwise direction.

One card for each element
hence, NELEM cards.

a hlank

a blank



CARD ~ NUMBER  COLS  FORMAT  VARIABLE  DESCRIPTION
SET OF CARDS

6 1 -5 IS NMAT Number of materlals
7 4 *NMAT 1-20 E20.7 EM(1,1) Specification matrix for
21-40 £20.7 EM(1,2) materials.

£20.7 EM(NMAT, 16)
This card occurs 4 times
for cach materfal (NMAT
materials), containing 4
flelds per card: total of
16 elements per material.,

8 1 Ply-Matertal correlatlon.
-One card per ply.
- 5 s NI Number of first element
in ply
6-10 LS NL Number of last element
11-15 15 NI Increment
16-20 15 MR Material number
e.g. 1 7 2 K Defines elements 1, 3, 5,

ang 7 to belong to the
k' matecial.

tRepeat until all elements are defined. Terminate this set of cards
with a zero (or blanks) {n cols. 1-5.

9 1 I- 5 L5 NPLY Number of plies In

the laminate
6-10 15 [RHS Number of loading
conditions (sec card 10).
11-20 F10.4 WIDTH Width of Taminate
10 1 1-20 £20.7 SMICH Mcechanfcal Strain
21-490 £20.7 DELT Temperature change
41-60 £20.7 DELH Hygroscoplc (molsture) change
11 1 1- 5 L5 LEM(1) Elements used In the G-
6-10 15 LEM(2) calculation (elements A & B

shown In Fig. 3.)

e.g. 44 45 For the model shown in fig. 5.
12 1 1- 5 I5 NGF(1) Nodes at which forces are
6-10 15 NGF(2) evaluated and used In the G-

calculation (nodes i, j in
Fig. 3 and in that order.)

e.g. 205 196 For the model shown in fig. S

10




CARD NUMBER COLS FORMAT VARITABLYE DESCRIPTLION
SET OF CARDS

13 1 i- 5 15 NGD(1) Nodes at which relative dis-
6—-10 15 NGD(2) placement are evaluated and -
11-15 15 NGD(3) used in the G-calculation

16-20 15 NGD(4) (nodes k, 1, my, n in fig. 3 and
. in that order).

€eile 226 227 216 217 For the model shown in fig. 5

14 t I- 5 15 NN Node Number
6—-10 [ NX Restraint code in the X-
direction
I1-1s L5 NY Restraint code in the Y-
direction
16-20 15 N7 Restraint code in the Z-

direction. One card for each
node with boundary conditions.
Terminate this set of cards
with a zero (or bhlanks) in
cols. 1-5,

Restraint Code: Q.iﬁ.ffﬁﬁzwl,is fixed

tRepeat until all boundary conditions are defined.

15 1 1- 5 15 IRENUM Renumbering option: O if
no renumbering desired; 1
if renumbering scheme
follows.

16 * 1-80 1615 JNFW(NPOIN)
Renumbering scheme:
nceded only if IRENUM not
cqual to zero

*  NPOIN/16 (rounded up to the next inteper when necessary)

11



Special Cases

a) Delamination at midplane (z = 0)

When the delamination is at the midplane and the laminate Is symmetric,
the input is slightly different.

Card sets 1-10 and card sets 14-16 remain unchanged. The G-calculation
card sets 11-13 need to be input slightly differently. To explain this, con-

sider the modeling near the delamination as shown In [iy. 5(b).  Card sots

11-13 will be as follows:

Card set 11. 44 45 Element used in the G-calculation.
Card set 12. 205 . 196 Nodes at which the forces are

evaluated and used in the G-
calculations

Card set 13. =227 227 =217 217 Nodes at which relative displace
ments are cevalnated and used In
the G-calculatlions.

Note the negative signs on the integers NGD(l) and NGD (3). The program rec—
ognizes that deformation is symmetric about the mldplhnv and caleculates the
appropriate relative displacements at these nodes.  Also note that for this
case, only mode I strain—encrgy-release rate exists, mode 11 and mode 111 are

identically zero.

b) Quasi-three-dimensional analysis with or without delaminations.

The program can be used to perform edge—stress analyses very easily for
laminates without delaminations and stress analysis alone (without
G-calculations) for laminates with delaminations. To exercise this option,

simply input zeros in card sets 11, 12, and 13 as shown below:

Card set 1. 0 0
" " 12, 0 0
" " 13. 0 0 0 0

Note that all three card sets 11, 12 and 13 must bhe Input.

12




OUTPUT
The output of the Q3DG Program Is presented in this section. Two ver-
sions of output, long and short, are possible with this program. 1If the user
exercises the long output option (XLONG on the second card in columns 1-5),
then the following output will be obtained. (Only the general desctibtion of
major output sectlions Is presented.)
*Title
*OQutput option
*Program specifications
*Y-coordinates and corresponding node numbers
*7Z-coordlinates and corresponding node numbers
*Material Specifications: ‘Modulus matrix, thermal and hygroscopic strain
vectors for all materials used in the.model.
*Ply—materia1 correlation
*G-calculation variables: Elements and nodes involved in the G-
calculations.
*Boundary conditions
*Renumbering optlons .
Element stiffness matrix (24 x 24) and consistent loads for eiement
number 1.
Sum of  F_, Fy, and F,  for all nodés hefore and after boundary
conditions,
*Degrees of freedom and bandwidth: Maximum and curreant values.
Displacements (U, V, and W) at all hodes for each of the loading

conditlions.

Nodal forces ar all nodes for the elements involved in the G—calculation.

13



*Sum of F, forces in the model due to each of the loading conditions.
Strain €, required to satisfy Lt F, = 0 for thermal and hygro-

X

scopic loadings.

Nodal forces at each of the nodes for each of the loading conditions. (If
all of the nodal forces, F , F and I ot node I are less
X Yy Z,
than 1.0E-6, then the forces are not listed).
Average nodal stresses at each of the nodes In the model duae to comblned
loading.

~ Average nodal stresses at each of the nodes In each materfal due to

combined loading.

*Equilibrium checks for each of the loading conditions. (XFX, XFy, TF
i f i

z)

i =1, Nodes in the model).

t*Strain-energy~release rate calculations -
Forces and displacements Involved in the G-calculations for each of
the loading conditions.
Gy, Grgs Gyrr and Gp for each of the seven possible loading
combinations.

t*Summary of the étrain-energy-release rates for the scven possible
loading combinations.

Element equilibrium. TIf all elements satisfy equilibrium, f.e., {if
EFX = ZFy = M, < 1.0E~6 for each element, then the program prints
"All elements satisfy equilibrium. The solution may be correct."
If some elements do not satisfly équillbrium the program prints a
warning message that n numbers of elements do not satisfy
equilibrium and lists the n element numbers.

tThese items do not appear in the output when only Q3D stress analysis s

performed (i.e., when card sets 11, 12, and 13 contain zeros).

14




Only the asterick (*) items appear in the output when the user exercises

the short output option (SHORT on the second card in columns 1-5).



APPEND[X A: DERIVATION OF STIFFNESS MATRIX AND CONSISTENT LOAD VECTORS

This appendix presents the derivation of the stiffness matrix and the
thermal load vector for the elght—noded element used in the Q3D analysis. The
derivation of the hygroscopic vector is very similar to that of the thermal
vector and hence is omitted. Additional detalls on these derivations can be
found in refs. 5, 9, and 10.

As previously pointed out, the Q3D analysis determines the displacements,
U, V, and W (eq. (1)), at each node in the finite element model. There-

fore, the displacements at any interior point in the element,
{u} = {UV W} (A-1)

are interpolated by the standard shape functlons [N] (Ref. 9) as

{u} = [N] (6} (A-2)

where {8} 1is the vector of element nodal displacements (dimensioned (24,1)
for the eight-noded element). The strains in the element are obtained by

differentiating eq. (A-2) to obtain the following equation:
{e} = [B] (8} (A-3)

where the column vector of the strains {e} is

€ }T

{e} = {e, €y € €yxy Eyz Epx (A-4)

Equation (A-3) is partitioned as shown below:

4B

The strain-displacement relationship is bartit{oned in this manner because

each element has a prescribed strain of e = ¢, (sce eq. (1)). The

16




remalining strains {cR} are the unknown strains in the element and are thus

related to nodal displacements {8} by the following equation:
{ER} = [BR] {6} (A-6)

The vector {ER} is of size (5,1) and the matrix [BR] is dimensioned (5,24)

for the eight-noded element.

The stress~straln matrix of the orthotropic material of the element also

can be written In partitioned form as

o -

I~ = - ~ 1 T~ -
oy | Dy, Dig RS VR SR T | I ax AT |
RS R -|- S L 5 N S

I DZZ [)23 [)24 I)Zs ) 026 Ey ayAT
% . D3y D3y D35 D3gl) je, o, AT
--| = SYMM i B S (A-7)

[}
Oxy | Dys Das  Dasil |exy axy AT
Oyz | D55 Dsgl| {€yz 0‘yzAT
i Deg|| lezx|  |onxAT]

The stress—strain relationship of eq. (A-7) can be concisely rewrittea as

(0} = Dx ! Oul ([o] . {%x ‘ (A-8)
pL v Pepl\le T

The matrices [Dxx], [DxR]’ and [DRR] are of dimensions (1,1), (1,5) and
(5,5), respectively, and the column vectors {ex}, {eR}, {Tx}, and {TR} are
of dimensions (1,1), (5,1), (1,1), and (5,1), respectively.

The strain energy of the element, then, Is written as

u' =—- | (atT{e} dvol (A-9)
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Substituting eqs. (A-8) into (A-9), using the partitioned form of {€}, and
rearranging terms produces the following equation.:
1 T T T T
I B > .- 2¢ T ~2c D T + T ‘
v 2 I l o Dxx E'0 Zbo Dxx I‘x ZPO IxR rR lx I)xx rx
T T
+ +
2T D p Tp * Tp Dpp TRJ dvol
r T T T
+ 5] leg Pgg €r * 2% Dup %y T 2% Pre Tr
T T
2e, D o T | dvo1l (A-10)

The first integral term in eq. (10) is not a function of the unknown strains
{ER}, and hence can be disregarded from further consideration.
The unknown strains are related to the nodal displacements by eq. (A-6).

Therefore, the strain energy can be written in terms of the nodal displace-

ments {6} by substituting eq. (A-6) into eq. (A-10). In the absence of any

other external loading the strain-energy U' 1Is equal to the total potential

energy "p' Minimizing “p with respect to the nodal displacements {68}
yields the following equation:
8 ‘ = -
(K38} + {ey_ + {f},, =0 (A-11)

o




where

(K1 = f (B [0 1By ] dval
(€Y = [ [BY][p%. }(e } dvol (A-12)
eo RIL7xR o . . -
T T T
(e = IR 1er,) + (3] [0gg ) (Tg)) avor

The matrices [BR], [DRR], and [DXR] ére of dimensions (5,24), (5,5) and
(1,5), respectively; the column vectors {eo}, {Tx}, and {Tp} are of
dimensions (1,1), (1,1), and (5,1), respectively; the stiffness matrix [K] and
the consistent load vectors, {f}E , and {E}AT are ;f dimensions (24,24),

0
(24,1) and (24,1), respectively.
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1.

10.

APPENDIX B:

SUBROUTINKES, MAJOR PROGRAM VARTABLES, AND COMMON BLOCKS

This appendix first presents the names and functions of the subroutines
and major program variables and, next, gives the common blocks with their
elements and the subroutines which use the common blocks.

Name

ADJUST

ASEMBLE

ASTAR

BLOCK DATA

BMAT

BOUND

CKBNDW
CKDEGF

CLD

DERIVE

E:l Subroutines

Functlon

Reorders the nodal coordinate array, the clement

connectivity array and the boundary conditlon array
according to the renumbering scheme provided by the user.
If no renumbering is given, no reordering of these arrays
is performed.

Processes all elements, obtains element stiffness matrices,
load vectors and assembles the global stiffness matrix.
Also calls the band-solver.

Obtains the transformation relationship between the
generalized coordinates and the nodal coordinates. This
subprogram Is called only once, when the first element s
processed.

Contains the Gaussian coordinates and welghts up to an
8-point integration rule. Also contains the parent
coordinates (£,n) of the 8-noded element.

Evaluates the stiffness matrix and the load vectors (see
eq. (A-12)) at the integration points.

Prescribes the boundary conditlons.

Calculates the current bhandwidth from the clement nodal
connectivity and checks if the current bandwidth is greater
than the maximum bandwidth in the program.

Calculates the degrees of freedom (dof) Ia the model and
checks if the current degrecs of freedom are greater than

the maximum in the program.

Calculates the coordinates of the midside nodes and reads
in and forms the houndary condition array.

Obtains the derivatives of the shape functions at any polint
(g£,n) in the clement.
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12,

13.

14,

l6.

17.

18.

19.

20,

21.

22,

23.

24.
25.

26.

FORCES

GEVAL
INT

INTSX

MATLNV
MATMUL

MODULUS

PARENT

PICKD
PICKF
PROCESS
Q306

SBANDPD

SHAPE
SMALLK

STRESS

TRANS
ZEROLN

ZEROLV

Calculates the element forces and checks the element
equilibrium. Calculates the model stresses and forces and
checks global equilibrium. Calculates the ¢, strains
needed to satisfy the condition F, = ) for the thermal and
hygroscopic loadings.

Computes the strain-energy-release rates for delamination
growth for all seven possible loading conditions.

Obtains the stiffness matrix and load vectors of an eight-
noded element by Gaussian quadrature.

Obtains the total force, F , in the x—dirg tion in an ele-
ment due to mechanical straln of e = 100 ¥, a temperature
change of AT = 1°F, and a moisture change of M = 1%, F

is obtained by Integration of o, slresses on the element.

Obtalns the inverse of a square matrix.
Obtains the product of two matrices.

Computes the modulus matrix, and thermal and hygroscopic
straing of each material.

oN. N,

Calculates the parent derivatives _5EL”56£’ i= 1,8 at
each of the (NGAUSS)2 Gaussian points. Also calculates the

2 x 2 Gaussfan—-nodal stress transformation matrix.

Calculates the displacement differences (see eq. (3))
needed in the G—calculations.

Calculates the forces (see eq.(3)) needed in the
G-calculations.

Summarizes the straln-energy-release rate results for all
the 7 possible loading conditions. '

Main program of this analysis. Reads most of the input.
Solves a llinear system of equations Ax = B, A is a banded
symmetric poslitive definite coefficient matrix and B is a
matrix of right hand side vectors. '

Shape functions of the eight-noded element.

Calculates the element stiffness matrix.

Calculates the nodal stresses for an eight—-noded element
from the stresses at the 2 x 2 Gaussian points.

Obtains the transpose of a matrix.
Zeros out an integer array.

Zeros out a real variable array.
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VARIABLE NAME

AMOD (6,6)

BIGK (75,1110)
CORD (8,8)
DELH

DELT

DIS (1110,3)
EE (6,6,10)

FLDIS (24,3)

EM (10,16)

EMO (6,1)

EPSM

EPST

COMMON

MOD

ASTIF

‘GAUSS

CONFG

CONFG

DISP

MOD

MATER

MOD

-

B.2 Major Program Variables

DESCRTPTLON

Modulus matrix of the material being
processed

Assembled global stiffness matrix. First
subscript corresponds to the bandwidth;
second subscript corresponds to the degrees
of freedom in the model.

Gausslan coordinates up to 8-point Gaussian
integration.

Change in moisture content, AH,
(percentage) of the laminates for
hygroscopic loading.

Change 1n temperature, AT, of the laminate
for thermal loading.

Global displacements. First subscript
corresponds to the degree of freedom;
second subscript corresponds to the three
loading conditions.

Modulus matrices for each material. The
third subscript corresponds to the material
number.

Nodal displacements for the three loading
conditions of the element belinyg processed.

Material property specificatlions of each
material. The first subscript corresponds
to the material number.

Hygroscopic strains due to AH = 1% of the
material being processed.

Strain €, needed to satisfy the condition
F, =0, due to M = 1%,

X
Strain e, needed to satisfy the

condition F, = 0, due to AT = 1°.
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VARTABLF, NAME

ET (6,1)

ETM (6,10)

ETH (6,10)

FEMT

FETT

FIEXT

FOR (24,13)

FORCE (400,3,3)

GCR (8,2)

GHIS (2,3,3)

GFOR (2,3,3)

COMMON

MOD

MOD

MOD

GENRL

GCAL

GCAL

DESCRIPTION

Thermal strains due to AT = 1° For the
material being processed.

Hygroscopic strains due to AH = 1° for all
materials. The second subscript corre-
sponds to the material number.

Thermal strains due to AT = 1% for all
materials. The second subscript corre—
sponds to the material number.

Net force in the x-direction of the
laminate due to AH = 1% and €y = 0.

Net force in the x-direction of the
laminate due to AT = 1° and €g = 0.

Net force in the x-direction of the
laminate due to a mechanical strain of

£, = 107° alone.

X

Nodal forces of the element being pro-
cessed. The second subscript indicates one
of the three loading conditions.

Nodal forces at each node of the model.

The first subscript indicates the node
number; the second subscript indicates the
x-, y—, or z-direction; the third subscript
Indicates one of the loading conditions.
Array equivalenced with BIGK.

Parent coordinates (£,n) of the 8-noded
isoparametric element. Note that 0 < £,
n < 1.

Relative displacements used in the
G-calculation. The first subscript
indicates one of the sets of nodes just
behind the delamination tip; the second
subscript indicates the x—, y-, or
z—directlon; the third subscript indicates
one of the three loading conditions.

Forces used in the G-calculation. The
first subscript indicates one of the set of
nodes at and ahead of the delamination tip;
the second subscript iIndicates the x-, y-
or z-direction; the third subscript
indlcates one of the three loading
conditions.

b4
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VARIABLE NAME
IMAT (200)

IMT

IRENUM

IRHS

JNEW (400)

JOLD (400)

LEM

LIST (200)

LLIST

LNOD

LOLD

LX

NBAD (200)

NBAND

COMMON

MATER

_MOD

CONFG

RENUM

RENUM

CONGF

CLIST

INTGR

DESCRIPTLON

Array containing material code (number) of
all the elements.

Material code of the element being
processed.

Renumbering option. When [RENUM=0, no
renumbering option is exercised. User must
provide the renumbering scheme.

Number of loading conditions. Maximum
number of loading conditlons that can be
specified is 3: mechanical, thermal and
hygroscopic loadings.

Array which relates new node numbers to old
node numbers. JNEW (I10) glves the new node
number of the old node number 1I0. This:
array is complementary to the array .JOLD.

Array which relates numbers to the new node
numbers. JOLD (IN) gives the old node
number of the new node IN. This array is
complementary to the array JNEW.

Elements used in the G-caleulation.

Array containing the degrees of frecdom
with a prescribed zero displacement.

Total length of the LIST array, carreatly
LLIST = 200,

Total length of the NOD array, currently
LNOD = 200 * 8 = 1600.

Total length of the JNEW and JOLD arrays,
currently LOLD = 400,

Total length of the x array, currently
LX = 400 * 2 = 800.

Array which stores the numbers of elements
that do not satisfy equilibrium conditions.

Maximum number of rows in the BIGK‘array.

Also corresponds to the maximum allowable
bandwith, currently NBAND = 75,
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VARIABLE NAME

NBOUN

NBW

ND (400,10)

NDA (400)

NDIS

NFREE

NGAUSS

NGD (4)

NGF (2)

NMAT

NMAX

NNODE

NOD (200,8)

COMMON

INTGR

INTGR

INTGR

INTGR

INTGR

GCAL

GCAL

INTGR

INTGR

BNOD

DESCRIPTLON

Number of boundary conditions. (Degrees of
freedom with a prescribed zero displace-
ment). This value should not exceed LLIST.

Current bandwidth of the finite element
model.

Array containing the number of nodal ad-
joining a specific node in each material.
The first subscript corresponds to a node
number; the second subscript indicates the
material number. Array is equivalenced
with BIGK.

Array containing the number of nodes
adjoining a specific node. Array is
equivalenced with BIGK

Current degrees of freedom of the finite
element model, NDIS = NPOIN * NFREE,

Number of degrees of freedom per node,
currently NFREF = 3.

Number of Gaussian integration poiants in
each direction. Currently NGAUSS = 3,

Array containing the node numbers where the
relative displacements are calculated and
used in the G-calculation.

Numbers of nodes at which forces are calcu-
lated and used in the G-calculation.

Total number of materials in the problem.
Currently up to 10 materials can be
specified.

Maximum number of columns in the BIGK
array. Also corresponds to the maximum
allowable degrees of freedom in the model.
Currently NMAX = 1110,

Number of nodes on each element. For the
parabolic element used in this program,
NNODE = 8.

Nodal connectivity of each element. The
first subscript indicates the element
number and the second subscript indicates
the 8 nodes on the element,
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VARIABLE NAME

NPLY

NPOIN

POUT

PDER (18,8)

SHORT

SMECH

SP (400,6,10)

SPA (400,6)

THETA (10)

TSTR (8,4)

COMMON

CONFG

INTGR

ouT

CDER

OuT
CONFG

MATER

CDER

Number of plies used in the ltaminate.

Total number of nodes in the finite element
model.

Output option indicator.

Array containing the parent derivatives,
I)N1 oN
TR T
Array {s stored as,

) Ga). - G
) \ae)» - - \3g ),
] ] j

at each of the Gaussian points.

j = 1, NGAUSS x NGAUSS.
Short output option.

Mechanical strain € prescribed on the
laminate.

Average nodal stresses at cach node In each
material due to the combined loading. The
first subscript indicates the node number;
the second subscript indicates one of the
six stresses O, oy, a,, oxy’ Oyps Oyt
the third subscript indicates t%e matercial
number. Array Is equivalenced with BIGK.

Average nodal stresses at cach node In the
model due to combined loading. The first
subscript indicates the node number; the
second subscript indicates one of the gix
stresses O, oy, S, oxy, oyz, Oy Array
is equivalenced with BIGK. .

Fiber angle for each material. Currently,
up to 10 materials can be specified.

2 x 2 Gaussian-Nodal stress transformation
matrix.
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VARTABLE NAME

UEL (24,3)

UMO (24,1)

Uo (24,1)

UT (24,1)
WEIGHT (8,8)

WIDTH

X(400,2)
XE (8,2)

XLONG

COMMON

BLOAD

BLOAD

BLOAD

BLOAD

GAUSS

CONFG

BNOD

ouT

DESCRIPTION

Consistent nodal loads of an element. The
first subscript indicates one of the
degrees of freedom of the element; the
second subscript indicates one_ of the three
loading conditions of € = 10-6, AT = 1°,
or AH = 17,

Consistent hygroscopic vector at the inte-
gration point corresponding to AH = 1%.

Consistent mechanical vector at the
integration point correspogding to a

mechanical strain e = 10 .

Consistent thermal vector at the
integration point corresponding to AT = 1°,

Gaussian weights up to 8-point Gaussian
integration.

Width of the laminate.

Y- and z-coordinate array of all nodes in
the finite element model.

Nodal coordinates of the nodes for the
2lement being processed.

Long output option.
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BLOCK NAME

AINV

ASTIF

BLOAD

BNOD

CDER

CLIST

CONFG

DISP

GAUSS

GCAL

GENRL

INTGR

MATER

MOD

ouT

RENUM

B.3 Common Blocks

ELEMENTS

A(8,8)

BIGK(75,1110)
U0(24,1), UT(24,1)
UMO(24,1), UEL(24,3)
X(400,2), NOD(200,8)

PDER (18,8),
TSTR (8,4)

CLIST(200)

NPLY, IRHS, WIDTH,
SMECH, DELT, DELM

DIS(1110,3)

CORD(8,8), WEIGHT(8,8)

LEM(2), NGF(2), NGD
(4)% GFOR (2,3,3),
GDIS (2,3,3)

GCR(8,2)

NPOIN, NBOUN, NFLEM,
NFREE, NMAX, NBW,
NBAND, NNODE, NDIS,
NGAUSS

IMAT(200), EMO(10,16),

THETA(10)

EE(6,6,10), AMOD(6,6),

ETH(6,10), ET(6,1),

IMT, ETM(6,10), EMO(6,1)

POUT, SHORT, XLONG

JOLD(400), JNEW(400)

ROUT INE

ASEMBL, ASTAR, BMAT

ADJUST, ASEMBL, BOUND, FORCES,
Q30C

BMAT, FORCES, INT

ADJUST, ASEMBL, CKBNDW, CLD,
GEVAL, PICKF, Q3DC

ASEMBL, FORCLS

ADJUST, ASEMBL, BOUND, CLD,
FORCES, Q3DG

ASEMBL, FORCES, GEVAL, PICKD,
PICKF, STRESS, Q3DG

ASEMBL, BOUND, FORCES, PICKD, Q3DG
BLOCK DATA, INT, INTSX, STRESS

FORCES, GEVAL, PICKD, PICKF, Q3DG

ASTAR, BLOCK DATA, FORCES

ADJUST, ASEMBL, BOUND, CKBNDW,
CKDEGF, CLD, FORCES, GEVAL, Q3DG

ASEMBL, FORCES, MODULUS, Q3DG

ASEMBL, BMAT, FORCES, INTSX,
MODULUS, STRESS, Q3DG

ASEMBL, BLOCK DATA, FORCES, GEVAL,
Q3DG

ADJUST, ASEMBL, FORCES, GEVAL,
PICKD, PICKF, Q3DGC




APPENDIEX C:  EXAMPLE PROBLEMS

In this appendix the input data and detailed outputs for three example

problems are presented.

Example Problem 1

The first example problem is that of a long rectangular [135/0490]S
laminate with a semi-width b of 0.75 inches. The laminate is edge delami-
nated at the 0/90 interfaces as indicated by the upward arrow in the stacking
sequence. The delamination length a 1is 0.129 inches. The laminate is sub-
jected to a uniform axial Strajn e, of 0.00254 in/in, a temperature change
AT of -280°F (cooling from 350°F cure to room temperature of 70°F), and a
mo[sturv'chango AH of 0.67.

The laminate was modeled with 102 elght—noded elements involving 367
nodes as shown In fig. 2. The details of the modeling near the delamination
tip are shown in fig. 5 along with the elements and nodes involved in the
G—-calculation. The input data for this model is presented in fig. 6. The
input data of fig. 6 were obtained using the rectangular mesh generation
program, DATGEN. This program is described in Appendix E.

The detailed output from Q3DG for the input in fig. 6 is presented in
fig. 7. The program calculated the total strain—energy-relcase rates for M,
M+ T, M+1ll, and M + T + Il loading conditions as 0.1102, 00,2637, 0.0700, and
0.1332 1b in/inz, respectively. The CLT analyses of ref. 3 yielded the total
straln-energy-release rates of 0.1104, 00,2577, 0.0686, and 0.1314 1b in/in2
for the same loading cases. Tﬁe finite element values, thus, agreed very well

with CLT values in these cases.



Example Problem 2
The second example problem uses the same laminate conflguration and Toad-
ing as the first problem except that the stacking scquence for this laminate
is tt45/0490]s. The input data is the same as shown In fig. 6 except for the
material specification cards. The material specification cards for this tami-
nate are presented in fig. 8. The short output optlon was exercised and the

output obtained from Q3DG is presented in fig. 9.

Example Problem 3

This example is included to demonstrate the Input required for the re-
numbering option. Consider a [0490]S laminate with edge delaminatlions between
the 0° and 90° plies with b = 0.75 in. and a = 0.15 in. The laminate {s
subjected to €, = 0.00254 in/in, AT = -280°F and M = 0.6%.

Two identical very coarse finite element idealizations were used. In the
first model, the nodes were numbered in the thickness direction as shown in
fig. 10(a). 1In the second model, the nodes were numbered in the width direc-
tion as shown in fig. 10(b). Obviously, the width-wise numbering scheme
yields a larger bandwidth (bandwidth - 59) than the thickness-wise numbering
scheme (bandwidth = 39). Therefore, the renumbering option was exercised for
the model shown in fig. 10(b). The input data for the model .of fig. 10(b) is
presented in fig. 11, Both models of fig. 10, when executed by the Q3DG
program, gave identical results for displacements, stresses, and strain-
energy~release rates. The summary of the strain—energy—relense rates for

these models is shown in fig. 12,

Typical Results
Table .l presents the strain—energy-relcase rates for 4 edge-delaminated
laminates subjected to €, = 0.001, AT = 280°F and AH = 1.0%. ‘These

X
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results ean be used by the user for verification purposes. These results also
“compare laminates with symmetric edge delaminations (about midplane) with

those with only one ecdge delamination.
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Table 1: Strain-energy-release rate results for edge delaminations under lami-
nate combined loadings: ¢, = 0.001; AT = -280°F; AH = 1.0. Material
propertles used here are: Ell = 18.2 Msi; Eyy = Eqq = 1.23 Msi;

\)12 = \)13 = V23 = 0,292 (;12 = Gl3 = G23 = (0,832 Msi

+ o e

LLaminate: [35/-35/0490]S

M M+ T M+ T +H
G (Total) 0.0150 0.0926 0.0598
GI/G | 94.437 43,957 88.45%
GII/é 5.50% 56.03% 11.25%
_G[II/G 0.07% 0.02% 0.307%

Laminate: [35/—35/04 902/0/—35/35]T

M M+ T M+ T + H
G (Total) 0.0266 0.1192 0.0150
GI/G 715.877% 36.79% 97.23%
GII/G 24,067 63.19% 2.407
G[[[/G 0 0 0

Laminate: [30/—302/30490]S

M M+ T M+ T+ H
G (Total) 0.0273 0.1292 0.0110
GI/G 63.58% 63.58% 63.58%
GII/G 36.90% 36.90% 36.90%
Grr1/C ~0.48% ~0.48% ~0.487%

Laminate: [30/—302/304902/30/—302/3()]T

M M+ T M+ T+ I}
G (Total) 0.0459 0.2149 0.0186
GI/G 68.257% 68.25% 68.25%
Gy /G 32.03% 32.037 32.03%
Grrg/G -0.287 -0.28% -0.28%
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APPENDIX D: EXECUTION ERRORS AND DEBUG STRATEGIES

This appendix presents the conditions under which the program will
terminate execution and discusses potential debug strategies.
The program will terminate execution and print a self-explanatory

diagnostic message under the following conditions:

I. A node or nodes have unspecified coordinates.
2. An element has an unspecified material group number.

3. The degress of freedom In the model is greater than NMAX, the column -
dimension of BIGK.

4. The bandwidth of the model is greater than NBAND, the row dimension
of BIGK.

5. Negative diagonal terms are cdmputed in the element stiffness matrix
of any element.

6. The band-solver aborts the program under the following conditions:
a. The matrix is not positive definite.
b. The bandwidth is greater than the number of equations.
The flirst two erroc conditions can be corrected by‘checking and modifying
the input. The third and fourth error conditions are caused by the size of
the model. To correct these errors, two alternatives are available. The
first Is to increase the dimensions of BIGK and the other associated variables-
of the program, as explained earlier. The second approach is to reduce the
size of the finite element model. FError condition 5 1s usually caused by an

improper description of one or more elements. FEach element's nodal connect-

ivity must be described in the counterclockwise sense starting at any corner

node. 1If this is not done correctly error condition 5 may result. Another
possible source of this ercor may be erroneous nodal coordinates. The band-
solver's error condition a i3 due to failure to specify sufficient restraints

to the model to prevent rigid body motion. Therefore, the boundary conditions

W3R
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w
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specified on the model should be checked and corrected. FError condition b of
the band-solver results whenever the bandwidth Is greater than the total
degrees of {reedom in the model. This condition usually occurs because of
erroneous nodal numbering. This condition, however, will never occur because
the program would abort execution before It calls the band-solver.

Plotting the finite element model is recommended since a plot will
quickly reveal any input errors in the nodal coordinates and element connec-
tivities, which constitute the bulk of the Input. Any other c¢rrors which are
encountered can usually be debugged using the host computer debug and dump
utilities.

As an additional check, the total stra[n—enefgy—re]ease rates computed by
Q3DG should be compared with those obtalned by CLT theory analyses [1-3] which
can be performed on microcomputers. The Q3DG results should agree very well
with the CLT results even for coarse models. Therefore, If there is a large
discrepancy between the Q3DG results and CLT results, both analyses should be

examined and the causes for these dlscrepancies should be determined.
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APPENDIX : DATGEN PPROGRAM
This appendix describes a rectangular mesh generation program, DATGEN,
which creates a data file that' can be used as an Iinput for the Q3DG program.
First, the capabilit%es of this program are expiained. Next, a few examples
of data generatlop and types of errors encountered in the use of DATGEN are

presented. Finally, the input data for the program is given.

E.l Capabilities of DATGEN

DATGEN is a program which can be executed interactively on any mainframe
computer. The program requires 41,000 octal words of core memory with the
current dimensions. With the Input of y- and z-coordinates on the
y = constant and z = constant lines and the location of the delamination tip,
the program generates a rectangular mesh, computes the nodal coordinates of
the midside nodes and the nodal connectivities. The user then enters the rest
of the data requested by the program. The program formats the input and at
the end of the'interactive_session, a complete data file is ready for use as
an input file for Q3DG.

Material properties and thermal expansion coefficients of the T300/5208
graphite/epoxy unidirectional composite lamina are built ianto the DATGEN pro-
gram's BLOCK DATA. The user can change these properties very easily using a
text edlitor.

The ihput variables of DATGEN are listed in section E.4,

E.2 Examples of Interactive Sessions
Consider the [i35/049()]S laminate of example 1 in Appendix C. A fiﬁite
clement model for this laminate was shown in fig. 2. The y- and z-coordinates
of y = constant and z = constant lines used.ln this model are presented in

fig. 13 and were stored in file YZ. There are 18 y-coordinates and 7
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z-coordinates listed in this file which correspond to the y- and z-coordinates
of the vertical and horizontal lines, respectively. Therefore, the values of
NYP and NZP in the program are 18 and 7, respectively. The delamination tip
is located at (0.6210, 0.0054). The y—- and z—coordinates of the delamination
tip correspond to the llth y-coordinate and the 3rd z-coordinate in the file
YZ. Therefore, the values NYC and NZC in the program are 11 and 3,
respectively.

Fig. 14 presents the complete interactive session for this model. Al1l
input is echoed onto the terminal screen. The output from DATGEN 1s written

on the file TRIAL.. A complete 1istiné of TRIAL 1s presented in flg. 6.

E.3 Recoverable and Irrecoverable Errors

During an interactive session it 1{s possible that the data may be input
iacorrectly. Some errors in the data Input can lead to recoverable errors
while certain others can lead to {irrecoverable errors. This section presents
examples of each kind.

Fig. 15 presents a partial interactive session for the [135/04901S
laminate discussed in fig. 14, where errors were made during the input of
material and thickness specifications. The bottom line of the ply did not
cortespond to any of the given z-coordinates. As i{llustrated by flig. 15, the
errors are recoverable. The program warns of Iimproper Input and recycles back
to the point where the ercor was made and allows the user to enter the correct
data.

Fig. 16 illustrates an interactive session that terminated due to an
irrecoverable error. 1If the sum of the thicknesses of all plies does not

[

equal to the maximum z-coordinate input by the user, DATGEN terminates the

execution with an error as shown in fig. 16,
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E.4 Renumbering Option

Fig. 17 presents an Interactive sesslon in which a finite element model,
as shown in fig. 10(b), is created for a [0490]S laminate with a delamination
between the 0° and 90° plies. 1In this session the renumbering option was
exercised. The renumbering scheme was stored in the file REN and the y- and
z-coordinate were stored in the file YZC. These two files are shown in
fig. 17.

When the renumbering option Is exercised, DATGEN checks the renumbering
scheme to see 1f any number.is repeated, exceeds the maximum number of nodes
tn the model, or does not occur at all. If any of the three conditions
occurs, DATGEN gives a summary of the error condition and no renumbering
scheme {s entered on the output data f{Le. An example of DATGEN's warning
message for this error is presented in fig. 18. 1In this example, a node with

number 39 was repeated twice and a node with number 30 was not given in the

renumberiag scheme.
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E.5 Description of Input Data for DATGEN

CARD SET  COLUMNS FORMAT ~ VARIABLE
1. 1-10 AlO CORCON
2. 1-80 8A10 TITLE
3. * NYP, NZP
4, * NYC, NZC
S. 1-10 AlO CFILE

DESCRIPTION

Name of file on which output fis
written. This is the file that
will be used as input for Q3IDG.

Title of the problem.

Number of the corner nodes in y-
and z-directions, respectively, of
the rectangular mesh.

Number of the y—- and z-coordinates,
respectively, of the delamination
tip.

File name on which the y- and
z—coordinates values are stored.

Note: y—- and z-coordinates should be greater than or equal to zero.

6. * NMAT

7. * THETA

Number of materials in the model
(each ply with a different fiber
angle is classified as a different
material).

Fiber angle for each material.

This line occurs once for each material and hence occurs NMAT times.

8. * NPLY
9. * MATC
10. * PLH

Number of pllies in the laminate.
Material number of each ply.

Ply thickness.

The lines 9 and 10 occur NPLY times. The program assumes that the plies are

1. * IRHS

Note: * denotes a free format.
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Number of loading conditions. Note
that the number of loading
conditions IRHS < 3.




CARD SET COLUMNS FORMAT

12,
13.

14,

If IRHS = 1, Card set 13 and 14 are not needed.

VARIABLE
* SMECH
* DELT
* DELH

needed. Also note that input of € = 0
15. * * { RENUM
16. 1-10 Al0 RFILE
17. * * JNEW (1)
JNEW (NPOIN)
Note: * denotes a free format
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Mechanical strain ey.
Temperature change, AT.

Moisture (hygroscopic) absorption,
AH.

[f IRHS = 2 Card set 14 is not
not permitted by Q3DG.

Renumbering option. IRENUM = 0, no
renumbering is attempted.

[RENUM = 1, renumbering scheme
follows.

Name of file which contains the
renumbering scheme. TIf a blank is
input, renumbering scheme should be
Input manually.

Renumbering scheme manual input.
Separate numbers by commas, use
as many lines as required.



Special Cases:

L]
The above input will generate the rectangular mesh and data file for

delaminations at any location other than the midplane. When the delamination
is at the midplane, input NYC = NYP and NZC = 1. The resulting data Is
correct except the G-calculation cards, card sets 11, 12, and 13, and the
boundary conditions. The user can use the text editor and Input the correct
integers in card sets 11, 12, and 13 and delete the unnecessary boundary
conditions. Also, be sure to use thé negative integers on card set 13 as
explained in the special cases part of the INPUT DATA section.

1f the user wants to perform only a Q3D edge-stress analysis, then as
above, use NYC = NYP and NZC = 1. Furthermore, change card sets 11, 12,

and 13 to zero values as explained in the special cases part of the INPUT DATA

section. The boundary conditions generated by the DATGEN are correct for this

case.
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APPENDIX F: COSMIC DOCUMENTATION

This appendix describes the program documentation requirements required

by COSMIC. Items such as method of solution, user instructions, accuracy of

results, sample I{nput and output, and flow chart were already discussed in

detail in the text and Appendixes A-E. Therefore, this appendix limits itself

to the remaining items described in COSMIC software submittal guidelines.

l.

Computer Configuration: The Q3DG program was written, compiled and-

successfully executed on CDC Computers such as on CYBER 173, 175, 855
using NOS 1.4 and 2.1 operating systems.

Memory Required: With the current dimensions in the program, about

343,000 octal words of memory were needed for execution. As pointed
out earlier, with the current dimensions, finite elements models of up
to 370 nodes with a bandwidth of 75 can be successfully run with the
program.

Source Language: The Q3DG program was written in FORTRAN V. The

compilation showed that, except for one statement in BLOCK DATA
subprogram (where the output options are set), the program is machine
independent FORTRAN. This statement DATA SHORT, XLONG/ SHSHORT,
S5HXLONG/ can be changed, for example, to DATA SHORT, XLONG/ 1111.11,
9999.99/. However, this was not done because SHORT and LONG clearly
are meaningful to describe the output option.

Program Timing: Execution times varied widely and are dependent on
the size of the finite element models. Small models with less than 80
nodes were executed within about 20 CP seconds interactively. The

largest model with 367 nodes presented in Appendix C took about 184 CP

seconds on CYBER 855 Computer.
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S'

Tape Documentation: The tape containing the Q3DG program is a

9 track, 1600 BPI, CDC NOS Internal unlabeled tape containing elight
files. The first Eile contains the source code of the Q3DG program.
The second file contains the source code for fhe rectangular mesh and
data generator DATGEN. The third file contains input data for the
[:i:35/0490]S laminate, shown in fig. 6, discussed in Appendix C. The
fourth file contains the output of Q3DG for the Input shown in

fig. 6. This output file ls presented In fig. 7.

The fifth file of the tape 1ls the input data for the [145/049018

laminate, discussed in Appendix C. The sixth file contains the output

of Q3DG for the input data {n the fifth file. This output file {is

presented in fig. 9.
The seventh file of the tape contains the y— and z—coordinate
file shown in fdg. 13, This file 1is used in conjunctlon with the

DATGEN program and the resulting interactive session Is the last

(eighth) file of the tape.

The NOS procedural file which created this tape is shown In flg. 19. A

microfiche which contains the compiler 1istings of Q3DG and DATGEN, the input
and output files, and interactive sessions of the DATGEN program is egclosed
with this manual.

Finally, a dayfile of a run on the NOS 2.1 operating ;ystem is presented
in fig. 20. The output is written and saved on a file SOUT. The dayfile is

written and saved on a file DAY. The dayfile is also included in this figure.




APPENDIX G: PC FLOPPY DISKS

Because of the popularity'of the IBM PC and its compatibles, the Q3DG
program was downloaded on to floppy disks. The floppies titled Q3D-1 and-
Q3D-2 are enclosed with this manual. These disks contain the files listed
under Tape Documentation of Appendix F (see'page 42). The directories for
these files are reproduced below.

.Any one of the PC communications packages, such as PC-PLOT, PC-TALK,
etc., can be used to upload all the files from the Q3D floppy disks on to the
mainframe computers easily. The procedures to do this can be found in the

documentation of the communication packages.

A:\>DIR/P

Volume in drive A is Q3D-1
Directory of A:\

Q3DG 82688 9-05-86 2:11p

DATGEN 17664 9-09-86 10:03a

TFICH1 240768 9-08-86 3:16p
3 File(s) 19456 bytes free

A:\>B:

B:\>DIR/P

Volume in drive B is Q3D-2
Directory of B:\

TFICH2 245248 9-08-86 4:00p

TFICH3 32128 9-08-86  4:13p

TFICH4 61312 9-09-86 9:34a

TFICHS5 8064 9-09-86 9:55a
4 File(s) 14336 bytes free
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F F

,F
S A

C,CG1,Gy1 Gy

vij
{o}
{e}
Subscript
1,3

1,2,3

Zi

APPENDIX H: LIST OF SYMBOLS

delamination length
half-width of the laminate
stress—strain matrix

Young's modulus in the i-direction

force at node 1
respectively

in the x-, y—-, and z- directions,

total, mode I, mode II, and mode IIl straln-energy release
rates,,respectiveiy

shear modulus

ply thickness

temperature change

half-thickness of the laminate

displacement functions

displacements in x—-, y~, and z-directions, respectively

Cartesian coordinates

coefficient of thermal expansion in the i-direction

uniform axial strain imposed on the laminate

length of the elements nearest to the delaminatfon tip

ply fiber angle measured from the x-axis toward the y-axis

Poisson's ratio

Cartsian stresses, Y

{0 o
X zZX

g (4] g
y z Xy yz
€

Cartsian strains, {e ¢
X zx

€ € €
y z xy yz

i, =1,2,3

longitudinal, transverse, and thickness directions of a zero-
degree ply
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MODLUS

Q3DG >

(Read the

Fig. 4

CLD
ADJUST
—>1 ASTAR > SHAPE
-1 PARENT > DERIVE
-1 SMALK » INT BMAT
ASEMBL
—>{ BOUND
> SBANPD
> PARENT > DERIVE
—] INTSX > BMAT
PICKF
FORCES
STRESS
—»> PICKD
GEVAL > PROCES
Flow Chart for Q3DG Program

flow chart from top to bottom and left to right)
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